Abstract This study used the CALPUFF modeling system to study the impact of an area's geophysical and meteorological conditions on the dispersion of nonmethane organic compounds (NMOCs) into the atmosphere from the 17-year-old Barka Landfill. Barka Landfill is located in Barka, Batinah, in the north of the Sultanate of Oman. It receives waste from nearby regions such as Nakhal, Seeb, and Wadi Al-Maawel, affecting the town of Barka with landfill gas (LFG) pollution. The present study was conducted to evaluate the impact of the air dispersion of one group of NMOC gases on Barka and the region around it. The top five values of the concentrations with different average time periods, namely 1, 3 and 23 h, were compared with the allowable emission rate defined by the US Environmental Protection Agency (EPA). The results demonstrated that the present integrated modeling system (consisting of a 3D diagnostic CALMET model and Lagrangian puff dispersion CALPUFF model) could be utilized as a useful tool for evaluating the top five peak values of the NMOC emissions of the different time periods.
Introduction
Landfill gases (LFG) are formed by the breakdown of municipal solid waste (MSW) by bacteria. LFG consist of 40-60 % carbon dioxide (CO 2 ), 45-60 % methane (CH 4 ), and a small percentage of volatile organic compounds (VOCs) and hazardous air pollutants (HAPs). LFG can also comprise non-methane organic compounds (NMOCs). Many studies have found around 100 different compounds at inspected sites (Gendebien and Pauwels 1992) , including toluene (C 7 H 8 ), vinyl chloride (H 2 C = CHCl), benzene (C 6 H 6 ), ethyl benzene (C 6 H 5 CH 2 CH 3 ), xylenes (C 8 H 10 ), ethane (C 2 H), butane (C 4 H 10 ). NMOCs are subjected to various processes within the waste and cover soil of the landfill, such as volatilization, biodegradation, or adsorption. These processes consequently manage their fate inside the landfill and their eventual release into the atmosphere.
High concentrations of LFG occur commonly in landfills that contain MSW and have an impermeable cover (US EPA 2005) . Human exposure to LFG occurs through a primary pathway, the release of LFG to ambient air, which is most common when a permeable cover is used or when the cover has been breached either intentionally or unintentionally. In these conditions, the gas is transported by the internal pressure to the surface of the landfill or through passive openings to the air around the landfill. Human exposure may occur on or off site as a function of the emission rate and atmospheric dispersion. The consequence of the human exposure to the LFG is determined by the toxicity of the gas that is present and its concentration, as well as by the duration and frequency of exposure. Duration and frequency of exposure are functions of the LFG emission rate, the atmospheric dispersion, and the demographics of those living within proximity to the landfill (www.nepis.epa.gov). Among atmospheric pollutants, LFG are regarded as the major cause of complaints made to local authorities (Leonardos 1996; Schiffman and Williams 2005; Henshaw et al. 2006) .
A number of modeling approaches can be used for the examination of atmospheric dispersion. CALPUFF (California Puff) model was approved by the US Environmental Protection Agency (EPA) as a useful tool to determine atmospheric dispersion, especially in areas with pollution sources such as landfills. Wang et al. (2006) compared CALPUFF and ISCST (industrial source complex short term) models for the dispersion of odor, concluding that CALPUFF could anticipate reasonably well the average odor concentrations downwind. Elbir et al. (2007) predicted odor levels' concentrations around a meat packaging and rendering plant using CALPUFF. Many other studies have successfully examined dispersion modeling in landfills (Leonardos 1996; Schiffman and Williams 2005; Ubeda et al. 2010; Zhu et al. 2013; Mønster et al. 2015) . Ubeda et al. (2010) examined the impact of the odor from a landfill and waste treatment facility through the application of two dispersion models: geographic information system (GIS) tools and a commercial bi-Gaussian atmospheric dispersion model.
In consideration of the foregoing facts, the present work aims to determine the concentration of NMOCs emitted from Barka Landfill. Moreover, this study sought to examine the impacts of geophysical and meteorological conditions (surface data and upper air data) in the dispersion of NMOCs from the proposed landfill. It was expected that the different metrological conditions for winter and summer would result in different concentrations of NMOCs.
Materials and methods

Study area and timing
Barka is located at N23°42 0 33 00 and E57°53 0 13 00 , which is to the north of Oman's capital city, Muscat, and has an area of 1350 km 2 (Rajmohan et al. 2007) . A natural border from the north is created by the Sea of Oman, while the watershed of the Jabal Al-Akdar and Nakhal Mountains girdles the south. The hills in the southern part of the study region have steep slopes with little soil cover and no vegetation. In general, the area of the study experiences dry climatic conditions with high rates of evapotranspiration (Rajmohan et al. 2009 ). The average annual air temperature is approximately 28.5°C in the coastal area and 17.8°C in the mountains. Rainfall is extremely variable with respect to space and time. The area of the landfill is slightly triangular as shown in Fig. 1 and Table 1. The coordinates which are shown in the figure are the coordinates of the landfill. Some data which are required to run the model such as initial sigma, effective height, and the base elevation are shown in Table 1 . Sampling times occurred on the 2 January between 00:00 and 23:00 (winter) and the 2 June between 00:00 and 23:00 (summer) to show the difference in the concentration in two different seasons.
Landfill selection
The selection process for the site to be studied was based on two requirements: a sufficient number of regions and wilayats, or districts, served by the landfill and a sufficient number of households surrounding the source. Muscat Municipality indicated via a questionnaire that Barka Landfill receives different types of waste mainly from three cities: Barka, Nakhal, and Wadi Al-Maawil, with a total population of approximately 150,000 people, qualifying it for the present study. The number of population that can be affected in only Barka area itself is 103,629.
Barka Landfill is very large and unregulated and is located about 8 km south of Barka, near the road connecting Barka and Nakhal. Barka Landfill receives waste from houses, governmental establishments, industries, medical facilities, and other commercial establishments in Seeb, Nakhal, Wadi Al-Maawil, and Barka town (magazine.geotunis.org).
The landscape of the area around the Barka Landfill is flat and crossed by a wadi, or dry riverbed, at one edge. A site visit revealed that the landfill is relatively close to a residential area, with the nearest household situated about 2 km to the north. The industrial area of Barka, covering about 0.2 km 2 , is 1 km away from the landfill, making LFG a potential major health risk to the people living in the industrial area.
Emission rate data
Emission rate data are one of the major types of data entered into CALPUFF. The results reflecting the NMOC emissions detected every 0.5 km are shown in tables and figures. The rate of emission of NMOC gases may be obtained by the following equation:
where L is the methane potential (m 3 CH 4 /ton of waste) given by the US EPA (50 m 3 of CH 4 /ton of waste as a default value), R is the average acceptance rate (Mg/year), k is the methane generation rate, c is the year since closure, t is the duration of the landfill's existence (1995-2013, t = 17 years), and C t is the concentration of NMOC in ppm, as hexane (C 6 H 14 ). Herein, C t = 595 ppm, as a default value.
The methane potential (L) for Barka Landfill is 74.4 (m 3 CH 4 /ton of waste). The methane generation rate (k) ranges from 0.02 in dry conditions to 0.065 in wet conditions and has a default value of 0.05 year -1 . The years since closure of the landfill (c) equals zero since the landfill is still active. Table 2 shows that the value of the methane potential was obtained as 74 m 3 CH 4 /ton of waste to be used in Eq. (1). A total quantity of 743 kg was determined as shown in Table 2 . A methane potential value of each type of waste was obtained, and the average of the methane potential was then calculated to be 55.24 m 3 CH 4 /ton of waste as shown at the bottom of Table 2. The latter value was then subjected to a conversion to the quantity of waste (1000 kg), which yielded a value of 74 m 3 CH 4 /ton of waste. The annual acceptance rate (R) was determined according to the data given from the site by Muscat Municipality staff as an average of 11,577 tons of waste per year. Using 1-hour average concentration values in the summer period, the emission rate was determined to be 0.06663 g/s. The area of the landfill was measured and confirmed by the staff to be 216,950 m 2 . Therefore, the emission rate entered into CALPUFF was 3.0715 9 10 -7 g/m 2 /s.
The US EPA's allowable NMOC emission rate
The US EPA suggests that for every landfill that is 2.5 million Mg or above, NMOC emission rates must be calculated every year until a gas collection system is installed according to US EPA specifications. Equation (1) was approved by the US EPA for emission calculation. If the landfill's NMOC emission rate was evaluated to be equal to or greater than 50 Mg/year, then a gas control system is required to lighten NMOC emissions. On the other hand, if NMOC emissions are found to be less than the allowable concentration (50 Mg/year), then the NMOC emission rate should be calculated annually (US EPA 1999). It is clear from the US EPA's statement that the allowable emission rate is 50 Mg/year; therefore, according to the calculations for the emission rate which were conducted in Sect. 2.3, Barka Landfill's NMOC emission rate (2.10 Mg/year) is below the limit proposed by the US EPA.
CALPUFF modeling
CALPUFF is a non-stationary puff atmospheric dispersion model which has proven effective for the simulation of the dispersion of pollutants from a landfill area (Capelli et al. 2011), but can be used to represent the effect of any type of pollution on a pre-identified area. The US EPA (2000) recommends CALPUFF for any long-range transport modeling due to its ability to handle complex three-dimensional (3D) wind field modeling (www.lungchicago. org). Puff models (Holmes and Morawska 2006; Barsotti et al. 2008; Cao et al. 2011) are an improvement over Gaussian plume models and can be applied to non-stationary and non-homogeneous flow by representing a plume by a series of independent elements (puffs) that evolve in time as a function of temporally and spatially varying meteorological conditions (Jung et al. 2003) . CALPUFF modeling requires three types of input: topographical (land use data and coastline data), meteorological, and emission data. The dimensions of grid on the domain of simulation are 200 km 3 200 km, with 1-km grid spacing.
Because the meteorological fields are considered important for air quality modeling, the use of site-specific meteorological data along with the input data generated by a meteorological model may increase the efficiency of the atmospheric dispersion model. The metrological data used for the simulation are from both the surface and upper air.
The surface data, provided by Seeb Meteorological Station in Muscat International Airport, were extracted from the whole data set from 2013. They include information about temperature, pressure, humidity, precipitation, wind direction, and wind speed for every hour of the 2 days chosen as representatives of the summer and winter seasons. These data were arranged into a file and formatted to be suitable for input into SMERGE, a CALPro processor for surface meteorological data. This file was processed using SMERGE to generate an output SURF.DAT file that can be comprehended and inputted into CALMET. On the other hand, the upper air data were obtained from radiosonde station records retrieved from the National Oceanic and Atmospheric Administration/Environmental Systems Research Institute (NOAA/ESRI) radiosonde data Web site from Abu Dhabi International Airport 99AE, OMAA. These data were arranged into a file and formatted to be suitable for input into READ62, a CALPro processor for upper air meteorological data. This file was processed using READ62 to produce an output UP.DAT file that can be comprehended and inputted into CALMET (AbdulWahab et al. 2014a, b) . Details about the two stations used to acquire surface and upper air data are shown in Table 3 .
The shared information need to be identified by the modeling tool CALPro before setting up geophysical and the metrological data. The data information includes the site's latitude and longitude, the domain of the study area, and vertical layers, and is shown in Table 4 .
Results and discussion
The results of the present study are explained and divided into two parts: the average concentrations in winter (2 January, 00:00-23:00) and summer (2 June, 00:00-23:00).
In order to find out the average concentration for NMOCs emitted from Barka Landfill, CALPOST was used to calculate the average concentrations of NMOC based on the three durations of exposure: 1, 3, and 23 h, at the five highest concentrations' coordinates. The modeled concentrations for NMOC were compared to Alberta Ambient Air Quality (AAAQ) Objectives for landfills. The comparison was made on the basis of the highest concentration predicted for each averaging period at each discrete receptor. The top five concentrations of NMOCs at each coordinate and the relevant air quality standard guideline indicating allowable concentration are shown in Tables 5 and 6 .
Winter average concentrations Table 5 shows the top five average concentrations after 1 h of exposure. The table indicates that the limiting value of the allowable concentration based on the effect on human health and as quoted in the AAAQ is 4.69 lg/m 3 . Table 5 Fig . 3 Winter 1-hour average concentration contour and the domain of the study at 16:00 shows that at all the coordinates of the top five receptors, the highest predicted concentration of NMOCs for the average period was low when compared to the AAAQ's allowable concentrations. The magnitude of concentration levels at receptors R1, R2, R3, R4, and R5 was 1.77, 1.14, 0.5, 0.34, and 0.23 lg/m 3 , respectively. The affected receptors were located within a range of 1.5 km from the landfill. Figure 2 shows that the NMOC concentration value at the 1-h average period was high; it is represented in red ( Table 5 ) and shows that the highest concentration peak value occurs at 22:00 with a value of 1.77 lg/m 3 . The wind direction in the represented domain was calm and did not blow in any one direction. However, the NMOC gas spread far from the landfill, exceeding the site's domain but with a very light concentration.
As can be similarly seen in Fig. 2 , very light NMOC concentrations exceeded the domain of the study area. The wind direction at 16:00 on the 2 January is considered a factor in helping the gas to spread to residential areas around the landfill since the wind coming from the sea and land was blowing toward Barka town. The maximum concentration did not exceed 0.01 lg/m 3 . The maximum ground level concentrations of NMOCs at the selected receptors for the average period of 3 h are given in Table 5 . As discussed before, the emission rate for the NMOC emitted from Barka Landfill was below the AAAQ standards. Table 5 shows that the values of peak concentration were lower than the values of concentration for the 1-h period. Therefore, it can be said that the NMOC emitted from the landfill in the modeled day in winter did not affect the environment or the nearby households since the concentration peak values did not exceed the allowable limit of the 3-h average exposure. The values of concentration in the receptors R1, R2, R3, R4, and R5 have been tabulated and have values of 0.43, 0.25, 0.13, 0.11, and 0.07 lg/m 3 , respectively. Table 5 also represents the peak values of the top five concentration levels upon a 23-h (Fig. 3) .
Summer average concentrations Table 6 shows that the concentrations of NMOCs are all less than the pre-defined limiting value of 4.69 lg/m 3 determined by the AAAQ. Moreover, the maximum concentration values (Table 6) were reached in the early morning and evening hours. The concentration values in the receptors R1, R2, R3, R4, and R5 were 0.85, 0.6, 0.5, 0.44, and 0.25 lg/m 3 , respectively. Figure 4 shows the contour of the 1-h average concentration at 4:00 since the highest concentration (0.85 lg/m 3 ) took place at that time. Moreover, the direction of the wind at that hour was mostly toward the sea (Fig. 4) . At 22:00 in the same day of modeling, the spread of the NMOC gas was toward the interior due to a change in the wind direction. This was determined by the raw surface data file obtained from Seeb Metrological Station. In addition, the concentration of NMOC was high at the landfill and is represented in purple.
The concentration values of the NMOCs in the study area were very close to each other within the same average periods. In addition, all of the concentration values were below the standard limits set for NMOC as defined by the AAAQ. Table 6 shows that the values of the five top concentrations for the 3-h average exposure were less than the values of the concentration for the 1-h period. All the values were below the allowable concentrations, with peak values at the receptors of 0.32, 0.23, 0.15, 0.098, and 0.089 lg/m 3 . For the 23-h average concentrations, the value of the concentrations decreased. The values of concentration reached their maximum at midnight, which was the first hour of modeling, at the receptors not exceeding 2.5 km from the landfill. The peak values of NMOC concentrations emitted from Barka Landfill for receptors R1, 
Conclusion
The present study was conducted in order to evaluate the NMOC concentrations emitted from Barka Landfill in the Sultanate of Oman. Additionally, the impact of the spread of NMOCs from the landfill was described. The top five peak values of the concentrations of different time periods (namely 1, 3 and 23 h) were represented and tabulated with the coordinates where the highest concentrations occurred. Based on an integrated modeling system consisting of a 3D diagnostic CALMET model and Lagrangian puff dispersion CALPUFF model, the top five peak values of the concentrations of the different time periods were compared to the allowable value given by AAAQ. The results showed that the NMOC emissions were still low and within the defined limit. Based on this study, it can be stated that although Barka Landfill was approximately 17 years old at the time of this study, the NMOC emissions did not endanger the households in Barka or the regions around it.
